We develop a phenomenological formalism for mixing effects between the Standard Model and hidden-sector fields, motivated by dark matter in the Universe as well as string theories. The scheme includes multiple Higgs-portal interactions in the scalar sector as well as multiple gaugekinetic mixings in the abelian gauge sector. While some of the mixing effects can be cast in closed form, other elements can be controlled analytically only by means of perturbative expansions in the ratio of standard scales over large hidden scales. Higgs and vector-boson masses and mixings are illustrated numerically for characteristic processes.
BASICS
A large fraction of matter in the Universe is invisible [1] . This hidden sector may have structures at least as complex as matter and interactions in the visible Standard Model [SM] sector (see e.g. [2] ), unlike one-component theories as realized in supersymmetry approaches to the dark sector. Opportunities to explore structures in this hidden sector are offered by mixing effects with fields of the SM. Couplings between the two sectors are provided by Higgs-portal interactions [3] [4] [5] [6] [7] and gauge-kinetic mixings [4, 8, 9] . Higgs-portal interactions couple the invariant bilinear product of the Higgs field in the Standard Model with Higgs SM-singlets in the hidden sector [HS] , the strength of the interaction measured by η. Kinetic mixing couples abelian hypercharge B, V -field tensors in both sectors with strength s. The coupling η can be varied in the analysis in a large range [10] , |η| ≤ 1, and the kinetic coupling s in the most general scenario in a similar range |s| ≤ 1, depending strongly however on the underlying microscopic picture of the mixing mechanism.
1 If in field-theoretic models loops of mediators link the hypercharge B, V fields in the two sectors, the size of |s| is expected to be restricted to |s| ∼ g SM g DM /6π 2 × mass logs 10 −2 , set in detail by the gauge couplings, the hypercharges and the masses [8] . On the other hand, the kinetic coupling as mediated by string states is less stringently restricted in general, and it can be quite large depending on the type of string theory realized, see e.g. [11] . We will not delve into building a detailed model of the joined [SM]⊕[HS] system, nor of dark-matter candidates. However, the HS system may be taken as a SM-type system [12] , properly extended to accommodate the dark-matter properties. The lightest fermion field, among others, could be a stable candidate in such a scenario for the dark-matter field. The hidden-sector scales will be assumed of TeV size, contrasting approaches in which fields are assumed super-light. The present analysis aims at exploring the potential of high energy colliders, LHC and LC, for shedding light on the structure of a heavy hidden sector.
The SM electroweak gauge interaction of the B-field is unaltered by kinetic mixing to leading order and the procedure of high-precision SM analyses is modified only to second order. Also, the Higgs-portal interactions have been introduced in renormalizable form. As a result, well-explored low-energy physics is not dramatically affected, and changes are just restricted to potentially small corrections.
It turns out that the re-diagonalization of the gauge sector after switching on kinetic mixing is surprisingly straightforward and the results can largely be presented in transparent analytic form. However, the re-diagonalization of the effective mass matrix of the gauge fields, parallel to the re-diagonalization of the mass matrix in the Higgs sector, can in general be carried out analytically only by expanding mass eigenvalues and field eigenvectors in the ratio of SM masses over dark masses, the latter assumed to be large, i.e. in the TeV regime [13] .
First we will discuss both Higgs-portal mixing and gauge-kinetic mixing quite generally. Thereafter we will turn to numerical examples for Higgs and vector fields in a hidden sector coupled either by one or two links to the SM, i.e. 1 ⊕ 1 and 1 ⊕ 2 mixing scenarios. Specifically we will address the problem of how to encircle parameters such that the structure of the combined system can be tested. We will analyze the problem of how to extract, at LHC and LC, the basic mass parameters and the mixings between the hidden sector and the measurable SM.
Higgs Portal : Multiple Couplings
In the extended Higgs sector we will assume that the SM iso-doublet Higgs field φ is complemented by a set of n complex scalar fields S i that generate the hidden gauge boson masses, including the n U(1) gauge bosons V = {V 1 , · · · , V n }, which are mixed with the hypercharge SM gauge boson. Expanding the fields about the minimum of the scalar potential, the real SM Higgs field H 0 and n hidden-sector Higgs fields H = {H 1 , · · · , H n } will emerge, corresponding to scalars located primarily in the visible SM sector and the invisible hidden sector, respectively. The two sectors are coupled weakly and they are linked by bi-linear quartic couplings, leaving the system renormalizable.
Cast into the standard formalism of spontaneous symmetry breaking, the Higgs potential is introduced as
The µ 2 parameters are negative, shifting the ground states to non-zero vacuum values, and the λ parameters are positive to stabilize the system. As we focus primarily on the direct coupling of the SM Higgs field and the hidden-sector Higgs fields, quartic interactions among the hidden-sector Higgs fields can be ignored to leading order in this context if the couplings of the mixing terms are taken to be small. Their impact on any physical observables will be suppressed when passing the Higgs-portal. [For illustration, the analysis including small quartic mixing in the hidden sector is summarized in Appendix A.
Introducing the vacuum Higgs values v at the minimum of the potential,
where φ 0 is the neutral component of the SM iso-doublet Higgs field φ etc, they can be expressed by the potential are particularly simple. This set of transformations of the wave-functions generates the reduced couplings of the SM-type Higgs boson and the couplings of the hidden Higgs bosons with the SM gauge and matter fields to first order in the mixing.
In the 1 ⊕ 1 Higgs scenario the solution can be reconstructed analytically without any expansion [10, 14] . The mixing matrix is the standard 2×2 matrix built up by sin χ and cos χ of the rotation angle χ. After reducing the vector Ω H to the small mixing angle Ω H ≃ χ, the above relations are readily recovered from the (1 + n) × (1 + n) system, as will be recalled later.
Starting from the lowest order, masses and mixings can iteratively be constructed to arbitrary order in the expansion parameter ǫ ∼ ||M 2 0 ||/||M 2 ||, ||X||/||M 2 ||, both of which are small for large masses in the hidden sector, compared to SM masses and mixings. The perturbative recursion formulae are derived in the Appendix.
Kinetic Mixing
The interaction between the SM hypercharge B-field and the set of n gauge {V 1 , · · · , V n } fields concentrated in the hidden sector, is described by the Lagrangian
where M 2 V c is the current (2 + n) × (2 + n) gauge-boson mass matrix given by 1.18) in terms of the mass parameter M Zc = g 2 + g ′2 v 0 /2, the sine/cosine of the electroweak mixing angle s W = sin θ W etc, as well as the n × n dimensionless matrix ∆, after including the mixing of the SM neutral iso-spin W -field and the hypercharge B-field due to electroweak symmetry breaking. While the field vectors are denoted by V = {V 1 , · · · , V n }, the field tensors are denoted byṼ = {Ṽ 1 , · · · ,Ṽ n }; s is the n-dimensional vector accounting for the kinetic B-V mixings. For the sake of notational simplicity we have refrained from introducing mixing among the fields in the hidden sector, which can easily be added .
Applying an SL(2 + n, R) matrix transformation, consisting of a kinetic transformation [KT] Z and a rotation, to the gauge fields, the kinetic mixing of the field strengths can be absorbed in the redefinition of the fields. Thereafter, the mass matrix must be diagonalized by a matrix split into the block-diagonalization matrix O V and the rotation matrix U d re-diagonalizing the mass submatrix in the hidden sector. The block-diagonalization can be performed only approximately; the expansion parameters being ||s||| and ||M 2 Z /M 2 V ||, with the norms assumed to be small. The final result of this procedure can be written as follows: 1.19) leading to the massless photon field A m , and the massive vector fields Z m and V m . The KT matrix and the blockand re-diagonalization matrices read The submatrix σ in Z is a symmetric n × n matrix defined by the dyadic product ss T of the mixing parameters s, 1.22) which can be diagonalized by the n× n orthogonal matrix u, generating the diagonal matrix σ d . The set of eigenvalues of the dyadic matrix ss T consists of one non-zero value ||s|| 2 followed by n − 1 zero values, giving rise to the n × n
. The spectrum and the eigenvectors are derived in the Appendix.
Switching from the current [c] basis to the mass [m] basis, the mass matrix is transformed, up to second order, to the diagonal (2 + n) × (2 + n) mass matrix M 2 V m in Eq. (1.19) , representing the zero photon mass and the non-zero mass eigenvalues up to second order as Vc up to the second-order approximation of the mixing.
Special attention should be payed to the peripheral null-vector in the matrix Z. This form is essential to keep the SM gauge interactions intact to leading order. This is apparent by noting the covariant derivative which transform as 
1 ⊕ 1 ANALYSIS
The simplest example of portal models combines the SM with just one new degree of freedom in the hidden sector. With some elements worked out already a while ago, cf. Ref. [3] , we extend the analysis in this section at the level of phenomenology as well as analytical solutions based on perturbative expansions. Note that the Higgs and the gauge sectors are entangled, the connecting link being the transformed vacuum expectation values of the Higgs fields affecting the current mass parameters of the gauge fields.
Higgs system
Specifying the notation in the previous sections, the physical Higgs masses M 0m/1m and the Higgs mixing angle χ, derived from the current Higgs mass matrix, 2.4) up to the second order approximation in η for the masses. It should be noted that the leading mass corrections are not suppressed by the large hidden scale v 1 , in contrast to the mixing angle. 
where cos χ can be assumed non-negative without loss of generality. These three observables can be exploited, in return, to extract the individual vacuum parameters λ 0 v
While the measurement of the two Higgs masses, M 0m and M 1m , is self-evident, the mixing parameter cos χ can be determined from the Higgs-gauge boson vertex, i.e. 
Scan over the parameter points of the 1 ⊕ 1 including current H0m measurements and exclusion limits for H1m. Kinetic mixing is switched off for transparency of the result; invisible Higgs widths are included in the scan. Also included are constraints from unitarity and oblique corrections [15] . We show projections of the M1m and sin 2 χ region that is currently allowed by the LHC (yellow) and the parameter region where there will be no constraint from a combined ILC+LHC measurement.
where v 0 is given by the W mass
with the SU(2) L gauge coupling g derived from the measured W -width in a model-independent way to leading order.
[The hypercharge coupling g ′ is derived correspondingly from combining the electron electromagnetic-magnetic coupling e = gs W and with the hypercharge relation g
The quartic couplings λ 0 , λ 1 , or equivalently the vacuum expectation values v 0 , v 1 , can be separated only by measuring the triple Higgs couplings. Denoting the current triple H ic H jc H kc Higgs couplings by t 
The tensor components can be written as
with the abbreviations c χ = cos χ etc; they are symmetric under index permutations. The Feynman rules follow from multiplying the above equations by a minus sign and a combinatorial factor that counts the number of the identical external legs. The parameter v 1 of the hidden sector is naturally associated either with [small] mixing coefficients or with coupling/mass suppressed H 1 degrees of freedom.
For illustration purposes, we pick, with M 0m = 125 GeV, a representative parameter point (2.16) from the scan of the allowed points depicted in Fig. 1 [choosing a SM-like width of H 0m ]. Identifying the mass of H 0m with 125 GeV, the global area of the two unknown parameters, i.e. the second Higgs mass M 1m and the mixing sin 2 χ, is tightly constrained by future precision measurements of the H 0m boson. For a numerical investigation of the above parameter point we adopt the extrapolations to 3 ab −1 for LHC at 14 TeV and adopt an energy of 250 GeV for ILC as provided in Ref. [16] . A measurement of cos 2 χ and the masses M 1m and M 0m , which will be well established at the quoted LHC luminosity, is not enough to separate vacuum expectation values from quartic couplings in the most general and complete analysis of the 1 ⊕ 1 system. We need (at least) one additional measurement in order to reconstruct all the parameters individually.
There are two independent approaches to this problem, depending on the size of the invisible Higgs branching ratios. For large values, we can use an invisible Higgs measurement to constrain the parameter sin 2 χ as described in Ref. [10] .
Since recent measurements of H 0m point towards a SM-like total width (at least when SU(2) L doublets are involved [17] ) we investigate a different possibility in the following, assuming no direct partial decay width of H 0m to the hidden sector. Then phenomenology is dominated by mixing only and we can use an experimentally measured region of sin 2 χ to constrain the system of mass relations in Eqs. (2.6), (2.7) and (2.8) as shown in Fig. 2 . The additional information to reconstruct the individual parameters should then be made available from the measurement of the trilinear Higgs couplings in Eqs. (2.12)-(2.15) [10, 18] , which can be phenomenologically accessed via light dihiggs production, i.e. predominantly gg → H 0m H 0m at the LHC [19] . [Recall that in 1 ⊕ n scenarios v 0 is known from the W mass and the SU(2) L gauge coupling g measured by the W width, both of which are not affected by U(1) mixings.]
Recent analyses [20] indicate that a variation of the trilinear Higgs coupling is only feasible in the context of the SM in the bbτ + τ − channel [21] if possible at all. Rare Higgs decays such as H 0m H 0m → bbγγ [22] are clean [S/B = 0.7 for 12 signal events in 3 ab −1 [20] .] Nevertheless the involved uncertainties are too large and the signal yield is too small to obtain a more fine grained picture. In contrast to the SM, however, the 1 ⊕ 1 scenario offers the possibility to discriminate the H 1m → H 0m H 0m signal region from the "continuum" H 0m H 0m production. Upon correlating the two regions we can constrain v 1 in different channels: Electroweak precision measurements, even for rather small mixing angles sin 2 χ ∼ 0.1, indicate that the mass splitting between the 125 GeV boson and H 1m must not be too large. Observing a cascade decay H 1m → H 0m H 0m therefore implies small boosts of the H 0m bosons and the analysis of the H 0m H 0m → bbτ + τ − final state is not applicable anymore. On the other hand, H 0m H 0m → bbγγ is inclusive in this sense and we can extract a limit on v 1 in this channel when selecting invariant masses m(H 0m H 0m ) ∼ m(H 1m ). The complimentary phase space region can again be tackled in the boosted selection using the methods of Ref. [21] .
In both analyses interference plays an important role. We therefore use a complete leading order calculation keeping the full top mass dependence following Ref. [18] . The result for the two signal regions including the expected measured 1σ interval at 14 TeV and 3 ab −1 is shown in Figs. 3a and 3b. The dip structure of Fig. 3b highlights the importance of the interference effects: for v 1 ∼ v 0 / tan χ ∼ 80 GeV the resonant production has a global minimum due to the vanishing of t m 011 . For values v 1 < v 0 / tan χ the gg → H 1m → H 0m H 0m diagrams interfere destructively with the gg → H 0m H 0m box contributions, but the t m 001 grows quickly to outrun the suppression. For the away-from-resonance region this interference is always destructive, i.e. the smaller v 1 the larger t m 000 and the smaller the resulting pp → H 0m H 0m cross section until the trilinear coupling t m 001 compensates the enhanced destructive interference of t m 000 with the box contribution and the propagator suppression for very small values of v 1 . In this sense H 1m "leaks" into the H 0m measurement region and must not be discarded in the actual analysis.
The region of large v 1 values is determined by the cos 2 χ pieces of t m 000 and t m 001 and the asymptotic cross section settles at a smaller cross section with respect to the SM, mostly as a consequence of the cos 4 χ suppression. By contrast, given the small mixing and the kinematic suppression, it is impossible to observe t m 011 and t m 111 at the LHC [18] .
Depending on the scenario, systematics etc., either the peak or the continuum analysis can perform better. In any case, both analyses can be used for cross checks and for lifting the degeneracy, if present, of the peak analysis. Using the currently known results we find a lower limit of (2.17) with the bbτ + τ − analysis to be compared with the slightly larger bound for the chosen parameter point. This interval can be mapped onto the allowed region of Fig. 2 constraining η, λ 1 , λ 0 . However, as can be seen from Figs. 3a and 3b, the model-independent separation of the λ parameters and the vacuum expectation value v 1 is in general not feasible for the planned luminosities at LHC as an upper bound on v 1 is very loose if it can be established at all. Even at an e + e − collider running at √ s = 500 GeV (Fig. 4) we can only extract a lower limit on v 1 at an integrated luminosity of 2 ab −1 [see Ref. [23] for a general discussion of measuring the trilinear Higgs coupling at a linear collider]. However, given that at this luminosity the uncertainties are still statistics-driven, there might be the possibility to extract an upper limit on v 1 in the far future. In fact, the quoted uncertainty band is entirely dominated by the statistical uncertainty of the signal counts as the search is essentially background-free [24] .
However, in theoretical scenarios which predict the values of the gauge coupling and the hypercharge in the hidden sector, the vacuum expectation value v 1 can be determined from the two vector-boson masses: 
FIG. 3a: Dihiggs production cross section for the parameter point in Eq. (2.16) as function of v1 excluding the H1m → H0mH0m signal region by cutting out the H1m resonance via an invariant mass cut on the dihiggs system m(H0mH0m). We use the efficiencies of Ref. [21] . The vertical line represents the benchmark value of v1 that can be extracted from the vector-boson masses in concrete models. The blue band corresponds to the parameter range allowed by an measurement with a 2 ab −1 sample. We adopt efficiencies from Ref. [24] .
Thus, the fundamental current parameters λ 0 , µ ; η 1 v 0 v 1 easily extracted from masses and mixings, and the v ′ s separately bounded from trilinear Higgs couplings or derived from vector-mass measurements in specified theories. When the gauge couplings and charges are predicted theoretically, all the fundamental Higgs parameters can be extracted.
Kinetic Mixing
Analogously, the mixing of the gauge sector can be worked out explicitly. The kinetic term and the mass term are diagonalized by a SL(3, R) kinetic transformation and an orthogonal 3 × 3 rotation matrix O V as 2.19) with σ = 1/ √ 1 − s 2 . The masses, in the current basis, 2.23) are defined by the gauge couplings, the vacuum expectation values, and the SU(2) T 3 and the U(1) Y charges of the Higgs fields. Since the charged W -field does not mix with the vector field in the hidden sector, the measured values of the W -mass and width determine the parameters g and v 0 and the SM relations g = e/s W and g 
The vertices relevant for measuring the parameters of the theory, are collected in Tab the KT parameter s and the rotation angle θ. From the two relations
the mixing parameters, s and tan θ can be extracted, Fig. 5a . [Note that due to pure U(1) mixing the weak couplings and v 0 are fixed and measurable quantities, as outlined above, and M Zc is known.] These values can be exploited to derive the third mass parameter M Vc in the current basis:
cf. Fig. 5b . These results can be cross-checked for internal consistency by experimentally analyzing vertices collected in Tab [27] . Explicit calculation proves that they lead to bounds which are comparable to the limits currently set by ATLAS and CMS (see below).
Current constraints on anomalous triple gauge boson vertices, obtained by ATLAS [28] and CMS [29] , restrict sin 2 θ to 0.1, Fig. 6 , which becomes comparable to the LEP combination [30] . The W W analysis is highly sensitive to modifications denoted in Tab. I, in light of a tree-level radiation zero in the SM [31] . There exists a completely destructive interference between the W radiation diagrams and the Feynman graph involving the ZW W vertex in the SM. Any (non-global) deviation from the SM-predicted coupling pattern destroys this characteristic angular dip structure resulting in an increase of the total cross section. 2 Therefore, the integrated cross section [supplemented by a jet veto in the actual analysis] is very sensitive to the suppression of the Z m W W coupling, which can be used to extract an upper limit on sin 2 θ even if the V m is too heavy to be measured directly.
Note that the H 0m W W coupling is not affected by gauge-kinetic mixing so that it can be used to measure cos χ individually.
Subsequently, the measurement of the H 0m Z m Z m vertex can in principle be used to measure the allowed range of the shift of Tab. I. Some concrete models of U(1) mixing in the field and string theories [4, 9] predict the mixing parameter to be 10 −3 , but string models in general allow for rather large s values well in the sensitivity range of LHC (and ILC). A hierarchy s ≪ η then results in modification of the H 0m couplings dominated by the Higgs mixing. This leaves Drell-Yan-like production of V m as probably the best search strategy in the mass region that can be covered by the LHC and future colliders, Fig. 7 . Once the vector-boson mass range is known from LHC, LC scans can improve the sensitivity to measurements of the kinetic mixing parameter s.
1 ⊕ 2 ANALYSIS
To exemplify the analytic and numerical analyses of the preceding sections further, we shall discuss next a more complicated system where the SM Higgs sector is connected by portal interactions with two Higgs systems in the hidden sector, and the U(1) hypercharge field B is mixed kinematically with two abelian U(1) fields V 1,2 in the hidden sector with charges Y V1,2 . Such a system may be generated quite easily in superstring theories.
The microscopic parameters in the Higgs sector are chosen such that physical masses are centered around 125, 300, 1000 GeV before mixing. For illustration purposes we take these mass parameters to derive v 1 , v 2 for quartic Higgs-coupling values λ 0 = λ 1 = λ 2 and set η 2 = η 1 /2, such that η = η 1 is the only free parameter left. The B mass associated with the Standard Model is fixed at
0 , the gauge masses in the hidden sector are chosen as 300 and 1000 GeV. The kinetic mixing vector in the gauge sector, defined as s = |s|[cos φ, sin φ], is varied by running |s| from 0 to 1, with sin φ = 1/ √ 2 kept fixed. This choice of free parameters is chosen minimal for the sake of transparency.
Higgs system
Reading off the bilinear mass terms from the Higgs-portal Lagrangian, the Higgs mass matrix turns out to be
This 3 × 3 matrix could in principle be diagonalized analytically, but the result is not transparent anymore. In the case of small mixing the approximate results of the previous section can be applied. [25, 26, 32] ) and a projection based on the extrapolation of these results to 14 TeV and 300 fb −1 . The LC limit corresponds to e + e − → visible excluding top quarks and Bhabha scattering. We have chosen center-of-mass energies of 500 GeV and 1 TeV (dotted curves) with a bremsstrahlung spectrum modelled as reported in Ref. [33] ; the full line predicts the maximum sensitivity to the mixing parameter s for a scan at the c.m. energy √ s ≃ MV m . Note, that these exclusion limits are sensitive to the dynamics in the hidden sector via the Vm branching ratio; we only take partial decay widths to SM matter into account in this plot. methods will be adopted and the results will be illustrated in figures.
The three eigenvalues of the mass matrix M 2 Hc are displayed in Fig. 7a for the fixed parameters as defined earlier, but the mixing parameter η parameterizing the value of X is varied. For small mixing, and large scales of the hidden sector, the masses are given analytically by
in second order approximation of the mixing.
The orthogonal matrix O H in Eq. (1.10) is most elegantly parameterized by the three rotation angles θ 01 , θ 02 , θ 12 associated with the rotations of the 01, 02, 12 planes, i.e. O H = R 2 (θ 01 )R T 1 (θ 02 )R 0 (θ 12 ). The sine-functions of the angles are shown in Fig. 7b for varied mixings X as defined above. For small mixing the sines of the rotation angles read
up to linear order in the mixing.
Given the parameters, masses and mixings, of the physical states, the production cross sections and the decay branching ratios can be predicted in the standard way.
The mixing modifies the couplings of the original SM Higgs boson to the W -gauge bosons and it generates the corresponding couplings to the original Higgs bosons in the hidden sector:
Wc /v 0 × {cos θ 01 cos θ 02 ; − sin θ 01 cos θ 02 ; − sin θ 02 } .
(3.8)
The coupling to Z-boson pairs is more involved if the kinetic mixing modifies the current Z eigenstates to mass eigenstates as discussed later.
In the same way as above, the triple Higgs couplings in the potential can be derived from the triple Higgs couplings of the mass eigenfields which are accessible, in principle, from experimental data of multiple Higgs production cross sections; in self-explaining notation for small mixing:
2v 1 cos 3 θ 01 and {1 ↔ 2} (3.13) (3.14) symmetric under permutations of the Higgs indices.
Thus, three Higgs masses, the couplings of the Higgs bosons to SM pairs and the triple Higgs couplings allow the determination of the current parameters in the Higgs potential.
Kinetic Mixing
The mixing in the gauge sector can be illustrated in a similar fashion. Disregarding potential mixing of the two abelian gauge fields V 1,2 within the hidden sector [which could be implemented with no problem], the kinetic mixing of the hypercharge B-field with the abelian gauge fields, and its weak mixing with the neutral SU(2) W -field, affect masses and couplings of the mass vector-eigenstates. The 2 × 2 KT matrix σ introduced in Eq. (1.22) is diagonalized by the orthogonal matrix u = cos φ sin φ − sin φ cos φ = 1 |s|
with |s| = (s
2 . The Z matrix, transforming the current gauge vector fields {W, B, V 1 , V 2 } c to the mass vector fields {A, Z, V 1 , V 2 } m is given by (3.16) up to the second order of the mixing |s|, with the abbreviations c φ = cos φ = s 1 /|s|, etc. The Z matrix affects the vector-boson masses and the charges when varying the KT factor σ ′ and the angle φ in the mixing column vector s. For a small mixing parameter |s| ≪ 1, the three massive gauge boson masses, in addition to a vanishing photon mass M Am = 0, are given approximately by 3.19) up to the second order in the mixing. By construction, the isospin T 3 and hypercharge Y are not changed a priori to leading order, while the generalized V charges can be derived from the transformed covariant derivative 3.22) to leading order in the mixing.
The exact mass eigenvalues of V m are illustrated in Fig. 8b as a function of the kinetic mixing parameters |s| and cos φ = 1/ √ 2. The charge components correspondingly in Fig. 8b for couplings g V /g ′ and Y V /Y ⇒ 1.
The |s|-dependence in these figures is easy to understand. For large enough |s| → 1 the 4 × 4 mass matrix approaches the limit of two 2 × 2 system with only weak coupling. The masses in the hidden sector grow for |s| → 1, leading to strong |s| dependence of the heavier hidden mass eigenvalue as a consequence of the diagonalization of the hidden 2 × 2 symmetric submatrix. The coefficient (1 − |s| 2 ) −1 approximately cancels for the lighter eigenvalue. The cross-talk of the visible and the hidden sector gives rise to a larger overlap of the light hidden state with the visible sector. Since the V 2m is orthogonal to V 1m the overlap of the former state with the visible sector becomes minimal in the limit where mixing in the hidden sector dominates for |s| → 1. In this limit the coupling of V 1m to SM matter saturates, while V 2m decouples.
The intertwining of the SM and hidden sectors may be illustrated by noting the diagonal Higgs-vector couplings 
and the non-diagonal Higgs-vector couplings
2 cos θ 01 cos θ 02 sin 2φ (3.26) in which the W couplings are modified only by Higgs mixing while the Z m and V 1m,2m couplings are affected by the superposition of Higgs and vector mixings.
SUMMARY
In this report we have taken a first modest step in analyzing scenarios in which the SM is coupled to a hidden sector comprising more than one degree of freedom. The difficulty of the analysis rises enormously with the complexity of the hidden sector that can only be accessed through mixing effects with the SM fields. The simplest structures of the hidden sector are abelian or [extended] SM-type gauge theories broken by the Higgs mechanism. The Higgs fields interact with the SM Higgs field by means of bilinear quartic couplings, the vector fields by means of kinetic mixing with the SM hypercharge field.
In the first part we have analyzed quite generally the mixing effects within the Higgs system and within the vector system for an arbitrary number of degrees of freedom. Closed and transparent analytical solutions can only be obtained for 1 ⊕ 1 configurations. Approximate solutions however can be obtained quite generally to leading non-trivial order of small mixings. In the Higgs as well as gauge sector the mass matrix can systematically be diagonalized to arbitrary order.
Two examples illustrate the abstract analysis. For the 1 ⊕ 1 system we have studied a complete set of observables which allow to reconstruct the set of fundamental parameters in the Lagrangian, in principle. Higgs and vector-boson masses and their trilinear couplings, supplemented by fermion couplings, generate such an ensemble. Since all the Higgs and vector-boson states which are identified experimentally, are mixed mass eigenstates, the effective vertices are complicated mixtures in which Higgs mixing and kinetic mixing are intertwined. If the mixing is too small the associated cross sections may, partly, not be large enough to measure the vertices involved, but blocks of essential elements in the Lagrangian can nevertheless be isolated.
Precision analyses of the electroweak sector allow to constrain the 1 ⊕ 1 system at present and future colliders. Direct detection limits at the LHC in Drell-Yan type production will give upper production limits on the additional neutral vector boson. Other channels like W W production and the search for anomalous ZW W interactions will (and in fact already do) constrain the associated mixing via modifying the SM coupling pattern, resulting in a phenomenology sensitive to the described coupling modifications. A precise measurement of the Higgs self-interaction facilitates a complete determination of the extended Higgs-sector parameters. Current extrapolations suggest that only a lower limit on the hidden-sector vacuum expectation value can be established. The potentially clean environment of a lepton collider, however, might be able to amend this conservative statement at high luminosity.
The study has been extended to the system in which the SM interacts with a hidden sector comprising two Higgs and vector-boson degrees of freedom. It could be shown that for small mixing, in addition to the numerical evaluation, this system also can be analyzed analytically. Furthermore, the measurement strategies that we have outlined in Sec. 2 can be directly generalized to the 1 ⊕ 2 analysis. The situation, however, becomes less transparent due to the increase in parameters while the number of phenomenologically accessible measurements [especially in the Higgs sector where large mixing effects could be present] stays the same.
In toto. If the Standard Model is coupled weakly to a complex hidden sector, essential elements of this novel sector can be reconstructed, though the experimental analysis may turn out very difficult, and partly incomplete, if mixings are too small.
APPENDIX A. Mixing in the Hidden Sector
If quartic [bi-bilinear] mixing terms in the hidden sector are included, the Higgs potential is generalized to
in obvious vector/matrix notation in the second row. The index i = 0 represents the Higgs field in the SM sector, i.e. S 0 = φ and η 0j = η j [j = 1, . . . , n] etc, while indices j ≥ 1 refer to hidden-sector scalar fields.
The visible and hidden components v of the vacuum Higgs fields are defined by the vanishing of the derivative of the Higgs potential,
for small off-diagonal mixing parameters η and O(1) diagonal parameters λ.
The term bilinear in the physical fields defines the masses of the Higgs particles,
Restricting the n × n symmetric mass matrix M 2 c to the components of the hidden sector in the notation of Eq. (1.7), the matrix can be diagonalized by an orthogonal transformation O c , modifying subsequently the phenomenological mixing vector X in Eq. (1.8): .4) Notice that the off-diagonal O c mixing elements change X only to higher order so that the portal interactions between visible and hidden sector fields are essentially not affected by the quartic mixing in the hidden sector.
Finally, the self-interactions among the Higgs fields, SM and hidden, can be derived from the potential .5) in terms of the physical Higgs fields in the current [c] representation.
B. Dyadic Matrix
It is straightforward to diagonalize the n × n dyadic matrix D formed by a n-dimensional column vector x = (x 1 , · · · , x n )
T and its transpose x T as
Making use of the rules for calculating determinants, one eigenvalue emerges as positive and the other (n − 1) eigenvalues as zero:
The eigenvectors associated with the eigenvalues read
x , and v j=2,..,n orthogonal to v 1 (B.8) normalized to unity.
C. Block-diagonalization : Higgs and Vector Masses 1.) The eigen-masses and mixings in the Higgs sector, when block-diagonalizing the real and symmetric matrix
can iteratively be constructed from the lowest order to arbitrary order in the expansion parameter ǫ ∼ ||M 2 0 ||/||M 2 ||, ||X||/||M 2 ||. The first, large part of the mass matrix will be called M 2 0 , the second, small part E which is order ǫ compared with M 2 0 . Thus, the expansion is valid for masses in the hidden sector large compared to SM masses and the mixings.
The conditions which determine the mixing matrix O for block-diagonalization of the mass matrix M 2 are orthogonality and diagonality:
The first two matrices in M 2 m will occasionally be identified with indices j = 0 and 1, respectively. To simplify the notation we switch from indexed symbols to one-letter symbols by denoting
The matrix z = z T is taken symmetric, the antisymmetric part of o N is defined in the y column and row. To unify the mass dimensions and express all the formulae in compact form, we introduce three dimensionless and two dimensionful matrices as
where y ± however always come as dimensionless combinations.
The simplified recurrence relations of the matrix blocks may be cast in the following form for the block-diagonal components: The transformation matrix u 2,3 is apparently antisymmetric. As a result, the newly diagonalized mass matrix in the hidden sector is found by just truncating the mass matrix after block-diagonalization to the diagonal elements up to the third order. However, starting from the fourth order, there appear non-trivial contributions to the diagonal elements from the lower-order terms. The fourth-order terms read Note that the fourth-order matrix u 4 is not antisymmetric any more.
